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E-mail address: paulojoseo@ifes.edu.br (P.J.P. de OIn this Letter we extend the XZP basis sets (X = D and T) developed by Jorge et al. for Li–Ar atoms with the
tight functions and optimize these functions using the criterion of maximizing the core correlation
energy (CCE) developed by Woon and Dunning. The basis sets generated with this method were desig-
nated as CXZP. Our results showed CCE of the CXZP sets compared to the XZP sets were between 153
and 240 millihartrees (for Na–Ar). Applications in calculations of NMR indirect spin–spin coupling con-
stants at the B3LYP and SOPPA levels were performed.
 2012 Elsevier B.V. All rights reserved.1. Introduction
In electronic structure calculations, the frozen core approxima-
tion is often used. This is in agreement with our chemical intuition
and also affords signiﬁcant savings in the computational cost of the
desired properties. For these reasons, most of the calculations done
use this approximation, and the errors arising from this source are
generally small in comparison to those associated with basis set
incompleteness and inadequate treatment of electron correlation.
If, however, the goals are to obtain chemical accuracy of thermo-
chemical properties, i.e., errors less than 1 kcal/mol, or molecular
structures with 0.01 Å of accuracy, or improve the performance
in calculations of magnetic properties, then the effects of electronic
correlations in the core orbitals must be addressed [1,2]. According
Peterson and Dunning [1] the absence of correlating functions for
the core electrons in the basis sets can lead to unreliable results
when all electrons are included. Thus, any work where the core
electrons are included in the correlation treatment must consider
a bigger valence basis sets and should use appropriate functions
for describing core correlation effects.
Woon and Dunning [3] constructed correlation-consistent
polarized core-valence basis sets for boron through neon desig-
nated as cc-pCVXZ (X = D, T, Q e 5), which include the effects of
the valence correlation energy (VCE) and the effects of the CCE.
The cc-pCVXZ basis sets are formed by adding the following tight
functions to the cc-pVXZ sets: 1s1p to the cc-pVDZ sets, 2s2p1d
to the cc-pVTZ sets, 3s3p2d1f to the cc-pVQZ sets, and 4s4p3d2f1gll rights reserved.
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liveira).to the cc-pV5Z sets for B–Ne. They established the basis sets con-
struction strategies, which include correlation energy (CE) correc-
tion for all electrons and analyzed these effects in calculations of
energetic and structural properties of small molecules. They
concluded that, when both core and valence electrons are corre-
lated, there are excitations from the core orbitals (CC or KK terms)
and from the valence orbitals (VV or LL terms). CV or KL terms also
contribute to intershell excitations.
Trying to ﬁnd the best scheme for optimizing a set of functions
for describing both core and valence effects, Woon and Dunning,
explored three different approaches: (1) minimization of the core
(1s2) (KK contributions) energy, (2) minimization of the core plus
core-valence correlation(KK + KL contributions) energy and (3)
minimization of the difference between all electron and valence-
only CE. The best approach was the third one. i.e., showed better
convergence to the complete basis set limit.
Hill et al. [4] applied the strategy (3) described above and devel-
oped basis sets that included the full CE correction for atoms B
through Ne and Al through Ar. They extended the cc-pVnZ-F12
(n = D, T and Q) and aug-cc-pVnZ (n = D, T, Q and 5) families of basis
sets with tight functions to form cc-pCVnZ-F12 and aug-cc-
pCF12VnZ basis sets, respectively. Yockel and Wilson [5] also used
strategy (3) to develop basis sets for second row atoms (Al–Ar) de-
noted as cc-pCV(n + d)Z (n = D, T, Q, 5). They analyzed the impact
of the CCE correction in calculations of geometry optimization and
energy of dissociation of some diatomic and triatomic molecules.
Jorge et al. presented a hierarchical sequence of basis sets for the
atoms from H to Ar denoted as XZP (X = D, T, Q and 5, respectively)
[6–9]. They were applied with success in calculations of energies,
dissociation energy, bond length, harmonic vibrational frequency,
electric dipole moment and nuclear magnetic shielding constants
at the HF, DFT and MP2 levels. On the other hand, the XZP basis sets
were developed using the frozen core approximation and therefore
Table 1
Composition and size of the XZP and CXZP basis sets for the ﬁrst and second row atoms Li–Ar. See text for further details.
Atoms Set XZP CXZP Ncv/Nva
Li–Ne DZP [9s5p1d] +(1s1p) 33/29
TZP [10s6p2d1f] +(2s2p1d) 58/45
Na–Ar DZP [12s9p1d] +(1s1p1d) 53/44
TZP [13s10p2d1f] +(2s2p2d1f) 85/60
a Ncv/Nv represents the number of functions used in the CXZP and XZP basis sets, respectively.
Table 2
Set of exponents of core correlation functions of the core-valence basis sets developed in this work for Li to Ar. See text for further details.
Basis set Group Li Be B C
CDZP (1s) 1.462 5.7564 9.4609 13.986
(1p) 3.274 6.218 10.103 14.95
CTZP (2s) 7.072 2.681 13.61 5.2576 18.9679 7.0389 31.1375 10.85024
(2p) 8.011 2.0447 15.36996 3.98 25.066996 6.567 36.800003 9.702
(1d) 4.865 9.072 14.582 21.41998
N O F Ne
CDZP (1s) 19.14095 25.37938 32.21258 39.95924
(1p) 20.730999 27.4120104 35.0599972 43.6399978
CTZP (2s) 38.09013 13.5201 49.21002 17.546 62.117 22.31314 78.0999 28.04085
(2p) 50.7695103 13.462005 68.049996 17.913012 86.7108 22.9361 107.25103 28.406
(1d) 29.560025 39.030021 49.750027 61.869985
Na Mg Al Si
CDZP (1s) 3.01967 1.87961 2.904986 3.84712
(1p) 0.9873 1.6747 2.27152 3.3441
(1d) 3.0237 3.925 4.9857 6.21
CTZP (2s) 4.8555 0.88515 6.172 2.809205 209.7632 4.92962 268.997 6.39668
(2p) 42.71239 1.29378 49.168 1.6039 68.268 2.85098 81.726 3.654
(2d) 6.509 1.813 8.722997 2.46372 11.61901 3.31142 14.402 4.1622
(1f) 3.415 4.446 5.6123 6.941
P S Cl Ar
CDZP (1s) 4.9772 5.95213 13.1359 15.14282
(1p) 3.97801 4.28534 4.69448 5.516899
(1d) 7.528 8.9398 10.48599 12.179
CTZP (2s) 338.767 10.95507 412.79 11.565095 481.8001 12.68398 282.3599 9.76677
(2p) 95.2 4.4538 108.6972 5.242264 123 6.08085 145.23518 7.612396
(2d) 17.683 5.1416 21.204992 6.19903 24.958 7.3447 29.282182 8.632102
(1f) 8.40795 10.013905 11.765 13.67391
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valence atomic orbitals. One of the goals of the present study is to
extend theXZPbasis sets (X = DandT)with tight functionsby apply-
ing the strategy (3) and therefore try to improve the description of
electron correlation energy (ECE) in the region of the core. The basis
sets that have been generated with this method were designated as
CXZP (X = D, T). Another goal was to apply the CXZP basis sets in cal-
culations of NMR indirect spin–spin coupling constants (SSCC) [2]
and investigate the performance of CXZP basis sets in comparison
to the XZP for this property.
The computational methodology (session 2) was used to obtain
the CDZP and CTZP basis sets. In session 3 is presented the basis
sets results and discussion. Applications of NMR indirect SSCC cal-
culations for a number of molecules are presented in session 4. Fi-
nally, in the session 5 we present the conclusions of this work.2. Computational methodology
Initially we extend the DZP and TZP basis sets with spherical
Gaussian functions. Table 1 shows the number of exponents that
were added for each symmetry. Observe that in order to build CXZP
basis sets we added new core correlation functions in the previous
XZP ones. Compare third and fourth columns.
In order to ensure the optimization in the core region, we re-
moved the valence electrons of basis sets and from the positiveion obtained, we optimized the exponents of the functions by max-
imizing the CCE with conﬁguration interaction method with single
and double excitations (CISD) [10]. This strategy is equivalent to
(3) of Woon and Dunning and can be deﬁned mathematically by
the following equation:
CCE ¼ Ecisdðall electronÞ  Ecisdðvalence electronÞ: ð1Þ
Eq. (1) was applied obeying the following condition: the functions
of the core were optimized in the presence of valence functions.
This condition ensures the coupling effects between functions of
different angular momentum. Therefore, the methodology adopted
was to perform various computational experiments by varying the
exponents of different angular momenta keeping the coupling
between them and extract the exponents that provided the core
lowest energy. The Orca program [11] was used to calculate the CE.
3. Results and discussion
Table 2 shows the exponents obtained for each symmetry to the
atoms of the ﬁrst and second row (Li–Ar) for the CXZP basis sets
(X = D and T) using the methodology deﬁned by Eq. (1). The CXZP
sets were obtained by adding new sets to the XZP basis sets. A brief
look at this table shows that the exponent for each symmetry, in
general, increases with the atomic number in the ﬁrst and second
row. Exceptions are for the ﬁrst function of symmetry s of the Na
Table 3
Correlation energy (in mEh) of the core and valence for atoms of the ﬁrst and second row (Li–Ar) in the CXZP and XZP basis sets (X = D and T). See text for further details.
Basis sets Li Be B C
Core Valence Core Valence Core Valence Core Valence
DZP 9.771074 0.0 14.34668 45.23921 14.14551 59.07122 14.03934 72.37081
CDZP 34.046 0.0 34.6534 45.32462 34.7944 59.33441 34.9014 72.91021
TZP 14.656962 0.0 14.58925 45.68378 14.07776 64.7957 14.93786 86.60112
CTZP 40.6271 0.0 41.1606 45.83382 41.4556 65.10631 41.6485 87.37393
N O F Ne
DZP 13.9507 84.77919 13.87937 111.12035 15.02966 140.78659 13.7868 172.879
CDZP 34.9737 85.72842 35.0109 112.57019 35.0466 142.84836 35.0769 175.6545
TZP 14.68854 110.63673 14.61323 156.17567 14.56098 206.0007 14.4905 258.7486
CTZP 41.7885 111.90526 41.8877 158.27125 41.971 209.01323 42.0442 262.8176
Na Mg Al Si
DZP 46.6119 0.0 68.7563 32.7712 66.77 47.3362 77.6977 64.2851
CDZP 216.795 0.0 223.321 33.1765 225.299 47.8922 230.55 64.9418
TZP 83.3757 0.0 69.1508 34.016787 98.4104 51.350585 97.6247 74.228074
CTZP 308.217 0.0 308.711 34.0168 316.375 51.37266 319.718 74.409043
P S Cl Ar
DZP 70.7203 81.7549 57.6019 103.1256 49.9382 129.0835 48.8967 156.3412
CDZP 230.854 82.6631 228.675 104.4067 227.099 130.3085 228.19 158.138
TZP 97.5176 100.028866 94.3021 135.788735 91.2336 175.183596 94.7874 216.920588
CTZP 321.994 100.501518 323.672 136.643199 324.999 176.551606 327.849 218.76925
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Figure 1. Module of the core correlation energy |CCE| (in millihartrees) as a function of atomic number Z for DZP and CDZP (left) and TZP and CTZP (right).
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the CTZP. For example, for the ﬁrst row, the exponents of the func-
tions of symmetry d added to the CTZP basis sets were: 4.865
(Z = 3), 9.072 (Z = 4), 14.582 (Z = 5), 21.41998 (Z = 6), 29.560025
(Z = 7), 39.030021 (Z = 8), 49.750027 (Z = 9) and 61.869985 (Z = 10).
Table 3 shows the CCE and the VCE in millihartrees for the XZP
and CXZP sets. An examination of Table 3 shows that the magni-
tude of the CCE in all cases, in the CXZP sets, is greater than the
XZP ones. For the ﬁrst row atoms, the average magnitude of the dif-
ference between the XZP and CXZP sets was 21 (X = D) and 27
(X = T) mEh respectively. For atoms of the second row the average
was 165 (X = D) and 228 (X = T) mEh respectively. It can also be ob-
served that VCE changes a little between the XZP and CXZP sets. It
can also be noted that VCE for Li and Na is zero, as expected, be-
cause these atoms have only one electron in the valence shell.
Some CCE are exempliﬁed, as follows: for carbon, we obtained
14.03934 (DZP), 34.9014 (CDZP), 14.93786 (TZP) and 41.6485
(CTZP). For chlorine, these energies are 49.9382 (DZP), 227.099
(CDZP), 91.2336 (TZP) and 324.999 (CTZP).Figure 1 shows the magnitude of the CCE (|CCE|) in the CXZP
sets compared to XZP. Note that the correction is considerably
higher for the second row elements. For the ﬁrst row atoms the dif-
ference modules of the CCE between CDZP and DZP/CTZP and TZP
was between 20 and 25 mEh/25 and 28 mEh, while for the second
row elements the difference was between 153 and 180/225 and
240 mEh. An interesting remark is that the correction of the CCE
to the second row in comparison with the ﬁrst row is about eight
times higher for both CDZP and CTZP, as can be seen, in the abrupt
transition shown in the graphs.
4. Applications
As an application of the CDZP and CTZP basis sets we calculated
indirect nuclear SSCC to the H2O, HF, NH3, SiH4, N2, HCl, CO, CH4
and C2H2 molecules at the levels of the density functional theory
(DFT) using particularly the hybrid functional B3LYP [12] and the
second-order polarization propagator approximation (SOPPA),
where the relevant termsof the SSCCare obtained fromperturbation
Table 4
Individual contributions calculation results of the SSCC using XZP and CXZP (X = D and T) basis set.
Mol. Method Basis set FC
(Hz)
SD
(Hz)
PSO
(Hz)
DSO
(Hz)
Total
(Hz)
H2O J(17O,1H) DFT DZP(CDZP) 36.46(41.96) 0.31(0.37) 11.38(11.9) 0.15(0.12) 48.30(54.36)
TZP(CTZP) 50.89(52.55) 0.54(0.48) 12.4(12.7) 0.1(0.08) 63.92(65.8)
SOPPA DZP(CDZP) 47.2(52.89) 0.26(0.31) 10.47(10.87) 0.16(0.31) 58.08(64.19)
TZP(CTZP) 60.08(60.92) 0.39(0.32) 11.64(11.85) 0.1(0.07) 72.21(73.16)
Exp. 79 ± 2a
J(1H,1H) DFT DZP(CDZP) 3.44(3.43) 0.79(0.79) 7.2(7.92) 7.03(7.03) 2.48(1.76)
TZP(CTZP) 12.31(12.27) 0.91(0.91) 8.5(9.19) 7.07(7.07) 9.96(9.24)
SOPPA DZP(CDZP) 6.12(6.11) 0.79(0.79) 6.98(7.71) 7.01(7.01) 5.36(4.62)
TZP(CTZP) 13.69(13.64) 0.91(0.91) 8.408(9.11) 7.07(7.08) 11.44(10.7)
Exp. 7.2 ± 0.7b
HF J(1H,19F) DFT DZP(CDZP) 67.54(1.16) 7.47(7.14) 191.24(197.72) 1.09(0.71) 117.31(192.45)
TZP(CTZP) 99.17(123.19) 5.34(5.83) 199.64(202.15) 0.55(0.26) 294.03(319.77)
SOPPA DZP(CDZP) 80.27(150.78) 5.56(5.22) 180.59(185.16) 1.09(0.66) 256.39(331.38)
TZP(CTZP) 235.27(251.21) 4.57(5.09) 194.04(195.02) 0.55(0.21) 425.29(441.34)
Exp. 500 ± 20c
NH3 J(1H,1H) DFT DZP(CDZP) 7.22(7.23) 0.52(0.52) 4.37(4.94) 4.9(4.9) 7.23(6.66)
TZP(CTZP) 12.04(12.05) 0.61(0.61) 5.18(5.72) 4.92(4.92) 11.18(10.64)
SOPPA DZP(CDZP) 10.63(10.62) 0.52(0.52) 4.19(4.78) 4.9(4.9) 10.81(10.21)
TZP(CTZP) 14.19(14.15) 0.62(0.62) 5.08(5.65} 4.94(4.95) 13.43(12.83)
Exp. 10 ± 0.8d
J(14N,1H) DFT DZP(CDZP) 31.64(33.43) 0.1(0.12) 1.85(1.95) 0.08(0.07) 33.66(35.58)
TZP(CTZP) 35.93(35.51) 0.18(0.15) 2.2(2.24) 0.06(0.06) 38.36(37.96)
SOPPA DZP(CDZP) 33.69(35.47) 0.04(0.07) 1.68(1.76) 0.08(0.07) 35.49(37.37)
TZP(CTZP) 37.01(36.26) 0.11(0.07) 2.05(2.07) 0.06(0.05) 39.22(38.47)
Exp. 40.0 ± 1e
SiH4 J(1H,1H) DFT DZP(CDZP) 1.49(1.67) 0.06(0.06) 0.87(1.7) 2.32(2.32) 0.10(1.12)
TZP(CTZP) 3.38(3.65) 0.08(0.07) 1.09(2.14) 2.32(2.32) 2.22(3.55)
SOPPA DZP(CDZP) 1.10(0.67) 0.06(0.06) 0.83(1.67) 2.31(2.32) 2.53(1.27)
TZP(CTZP) 1.24(1.67) 0.07(0.07) 1.07(2.14) 2.32(2.33) 0.06(1.55)
Exp. 2.75 ± 0.15f
J(29Si,1H) DFT DZP(CDZP) 205.97(190.9) 0.06(0.15) 0.37(0.4) 0.03(0.03) 205.69(190.69)
TZP(CTZP) 188.88(185.63) 0.03(0.16) 0.51(0.38) 0.03(0.02) 188.43(185.43)
SOPPA DZP(CDZP) 210.50(196.14) 0.08(0.00) 0.46(0.47) 0.03(0.03) 209.99(195.71)
TZP(CTZP) 185.29(183.32) 0.08(0.03) 0.61(0.46) 0.02(0.02) 184.62(182.91)
Exp 202.5 ± 0.2f
N2 J(14N,14N) DFT DZP(CDZP) 1.49(0.86) 1.6(1.66) 2.4(2.33) 0.01(0.01) 2,3(0,18)
TZP(CTZP) 2.3(1.83) 1.69(1.84) 1.97(2.08) 0.02(0.02) 2,6(2,08)
SOPPA DZP(CDZP) 1.11(1.47) 1.13(1.14) 2.59(2.49) 0.01(0.01) 2.59(0.1)
TZP(CTZP) 2.21(1.75) 1.15(1.24) 2.3(2.37) 0.02(0.02) 3.37(2.91)
Exp. 1.8 ± 0.6g
HCl J(1H,35Cl) DFT DZP(CDZP) 5.87(2.32) 0.04(0.2) 16.09(16.34) 0.01(0.00) 10.28(14.22)
TZP(CTZP) 4.02(3.95) 0.26(0.33) 16.16(15.87) 0.00(0,01) 20.43(20.14)
SOPPA DZP(CDZP) 9.75(11.11) 0.01(0.12) 14.93(15.19) 0.01(0.00) 24.68(26.43)
TZP(CTZP) 19.46(17.57) 0.15(0.18) 15.16(14.94) 0.01(0.02) 34.77(32.67)
Exp. 38h
CO J(13C,17O) DFT DZP(CDZP) 16.71(8.0) 5.49(5.71) 15.28(15.22) 0.07(0.08) 26.57(17.58)
TZP(CTZP) 15.76(13.15) 5.71(6.26) 13.35(14.4) 0.09(0.1) 23.48(21.38)
SOPPA DZP(CDZP) 13.61(2.96) 4.38(4.41) 15.35(14.99) 0.06(0.08) 24.64(13.62)
TZP(CTZP) 14.23(12.02) 4.23(4.52) 14.29(15.04) 0.09(0.1) 24.38(22.64)
Exp. 16.4 ± 0.1i
C2H2 J(1H,1H) DFT DZP(CDZP) 7.13(7.13) 0.67(0.66) 3.32(4.15) 3.57(3.57) 7.55(8.38)
TZP(CTZP) 7.56(7.45) 0.69(0.68) 3.95(4.73) 3.59(3.59) 8.62(9.28)
SOPPA DZP(CDZP) 9.29(9.27) 0.58(0.58) 3.13(3.98) 3.57(3.57) 9.43(10.26)
TZP(CTZP) 8.79(8.73) 0.61(0.61) 3.85(4.66) 3.6(3.61) 9.65(10.39)
Exp. 9.6j
J(13C,1H) DFT DZP(CDZP) 251.43(260.09) 0.94(0.97) 1.7(1.68) 0.43(0.4) 251.1(259.78)
TZP(CTZP) 246.66(241.48) 0.61(0.51) 1.14(1.11) 0.34(0.33) 246.48(241.21)
SOPPA DZP(CDZP) 251.88(257.22) 0.93(0.95) 1.45(1.4) 0.41(0.38) 251.77(257.15)
TZP(CTZP) 240.77(234.18) 0.617(0.52) 0.99(0.96) 0.32(0.31) 240.72(234.05)
Exp. 248.7j
J(13C,1H) DFT DZP(CDZP) 41.62(41.15) 0.7(0.75) 4.95(5.5) 1.33(1.33) 45.93(46.07)
TZP(CTZP) 45.88(44.41) 1.12(1.2) 5.77(6.13) 1.35(1.35) 51.41(50.39)
SOPPA DZP(CDZP) 40.47(38.68) 0.52(0.55) 4.49(4.97) 1.33(1.33) 44.16(42.87)
TZP(CTZP) 43.63(42.09) 0.92(0.97) 5.4(5.75) 1.35(1.35) 48.6(47.46)
Exp 49.2j
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Table 4 (continued)
Mol. Method Basis set FC
(Hz)
SD
(Hz)
PSO
(Hz)
DSO
(Hz)
Total
(Hz)
J(13C,13C) DFT DZP(CDZP) 195.23(206.86) 10.76(11.27) 5.44(6.64) 0.02(0.03) 211.46(224.81)
TZP(CTZP) 179.51(172.54) 11.37(12.52) 8.11(8.3) 0.00(0.00) 198.99(193.38)
SOPPA DZP(CDZP) 187.26(195.57) 8.26(8.42) 4.17(5.03) 0.03(0.04) 199.73(209.06)
TZP(CTZP) 171.98(162) 8.61(9.3) 6.88(6.91) 0.00(0.01) 187.48(178.22)
Exp. 171.5j
CH4 J(1H,1H) DFT DZP(CDZP) 9.38(9.42) 0.27(0.27) 2.66(3.17) 3.45(3.45) 9.89(9.43)
TZP(CTZP) 11.32(11.31) 0.33(0.33) 3.13(3.6) 3.48(3.48) 11.33(10.86)
SOPPA DZP(CDZP) 12.76(12.78) 0.28(0.28) 2.57(3.09) 3.45(3.45) 13.36(12.87)
TZP(CTZP) 13.93(13.86) 0.35(0.35) 3.1(3.59) 3.5(3.51) 13.98(13.43)
Exp. 12.564 ± 0.004k
J(13C,1H) DFT DZP(CDZP) 110.85(116.09) 0.17(0.24) 1.01(1.08) 0.31(0.31) 112.35(117.72)
TZP(CTZP) 117.73(115.41) 0.3(0.21) 1.61(1.6) 0.28(0.27) 119.91(117.49)
SOPPA DZP(CDZP) 111.72(116.66) 0.08(0.14) 0.89(0.94) 0.3(0.3) 113(118.05)
TZP(CTZP) 114.48(111.43) 0.17(0.08) 1.48(1.46) 0.27(0.27) 116.4(113.24)
Exp. 120.78 ± 0.05l
a In gas phase. See Ref. [24].
b At ambient temperature in organic solvent. See Ref. [13].
c Neat liquid. See Refs. [28,14].
d Neat liquid. See Refs. [14,21].
e Neat liquid. See Ref. [21].
f In gas phase. See Ref. [21].
g Mixed with other solvents. See Refs. [13,29].
h In liquid hydrogen chloride. See Refs. [20,26].
i Mixed with other solvents. See Refs. [13,30].
j At 40 atm in dilute solution in CCl4. See Refs. [13,25].
k In CCl4 solution at 22 C. See Refs. [14,31].
l In gaseous methane measured over the temperature range 200370 K. See Ref. [27].
P.J.P. de Oliveira et al. / Chemical Physics Letters 546 (2012) 153–158 157theory [13,23]. NMR is themost useful technique for chemical struc-
ture study in solution with extensive ﬂexibility. Among all spectral
information, SSCC are one of the most difﬁcult to produce quantita-
tively [14]. More than any other molecular properties, the SSCC de-
pends critically of the molecular electronic structure close to the
coupled nuclei. It indicates the quality of the wave function because
it shows large correlation effects [13]. There are four isotropic con-
tributions to the SSCC, Fermi contact (FC), spin-dipolar (SD), para-
magnetic spin–orbit (PSO), and diamagnetic spin–orbit (DSO).
Usually, the FC term is the biggest contribution among the four. It
is well known that for high accurate SSCC calculations, for a great
variety of basis sets, theymust be ﬂexible in the core region, see Refs.
[2,14–18,21,23]. A ﬂexible set of core s orbitals, is required, for accu-
rate dominant FC term evaluation. The geometries were taken from
Ref. [19] for H2O and CH4 molecules [20], for HCl, [13] for C2H2, N2
and CO molecules and [21] for HF, NH3 and SiH4 molecules. Table
4 shows the calculations of the FC, SD, PSO, DSO and total
(FC + SD + PSO + DSO) contributions of the SSCC for the XZP and
CXZP sets. All calculationswere performedwith the Dalton program
[22]. The experimental values are shown for total SSCC.
A brief look at Table 4 shows that in general the total SSCC values
obtained with CDZP and CTZP basis sets are closer to experimental
values in both SOPPA and B3LYP levels than those obtainedwith the
DZP and TZP sets. For example, in the HF molecule the deviation
from the experiment of J(H,F) was 58.66 for CTZP and 74.71 for
TZP using the SOPPA approximation and 180.23 and 205.97 at the
B3LYP level for CTZP and TZP, respectively. For CDZP and DZP sets
the deviations were 168.62 and 243.61 at the SOPPA level and
307.55 and 382.69 at the DFT level, respectively. To J(C,O) in the
CO molecule the deviations were 6.24 and 7.98 (SOPPA), 4.98 and
7.08 (B3LYP) for CTZP and TZP respectively and 2.78 and 8.24 (SOP-
PA) and 1.18 and 10.17 (B3LYP) for CDZP and DZP respectively.
On the other hand, for C2H2molecule the agreement with exper-
imental results are worse in general with CXZP basis sets. The mean
absolute deviation (MAD) calculation (i.e., the average of the mod-
ules of the differences between the theoretical values and experi-mental values) showed that the CXZP basis sets provided in
generally best agreement, to nine molecules studied, with the
experimental results compared XZP for both levels of theory. The
MADs were 8.86 and 9.83 (SOPPA) and 17.41 and 19.08 (B3LYP)
for CTZP and TZP respectively and 16.98 and 22.22 (SOPPA) and
28.77 and 33.36 (B3LYP) for CDZP and DZP respectively. An inter-
esting observation is that MADs obtained with SOPPA were consid-
erably lower than those obtained at B3LYP level. We think the
reason for these ameliorations is because of the addition of tight
functions, which augment the ﬂexibility of the wave function in
the core region. We calculate the average of the modules of the dif-
ferences between the results obtained with the XZP and CXZP basis
sets to the four contributions (FC, SD, PSO and DSO). The averages
were 5.54 (FC), 0.12 (SD), 0.67 (PSO) and 0.25 (DSO). Thus, the FC
contribution showed the biggest change with the basis sets. It is
important to note that the most suitable experimental results for
comparison are the ones in the gas phase. However, we conclude
that the main reason for the discrepancy between experimental
and theoretical results, is the heavy contraction of the core region
in CXZP basis sets. This is in agreement with literature, see Refs.
[14–18,21]. To increase the convergence of the SSCC toward the
limit of a complete basis set Helgaker et al. [18] proposed a smaller
family of bases set, where the s orbitals of the correlation consistent
basis set are full decontracted and one or more tight s functions are
added in a geometric series. These sets were denoted cc-pVXZ-sun
and cc-pCVXZ-sun (where sun indicates the use of uncontracted s
functions and n is the number of tight s functions added to the ori-
ginal cc-pVXZ and cc-pCVXZ). Jensen [15] proposed the pcJ-n basis
sets (where J indicates that the additional functions have been opti-
mized for calculation of the SSCC) suitable for calculation of the
SSCCwith density functional methods. Jensen showed that an accu-
rate calculation of the FC contribution requires the addition of tight
s functions, the PSO contribution is sensitive to the presence of tight
p functions, the SD contribution requires the addition of p, d and f
functions and the DSO contribution is very little sensitive to the
addition of tight functions. He proposed to obtain the optimal expo-
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contributions to the SSCC and if only the FC term is important then
only is necessary the decontraction (or a partial decontraction) of
the s functions and also the addition of the tight s ones. Provasi
et al. [17] proposed the aug-cc-pVTZ-Juc basis sets, that are the
aug-cc-pVTZ basis sets completely uncontracted, augmented with
four tight s functions and without the most diffuse second polariza-
tion function. Benedikt et al. [16] proposed the ccJ-pVXZ basis sets
(X = D, T, Q and 5) also suitable for calculation of the SSCC. The
ccJ-pVXZ basis sets were constructed from the addition of tight p,
d and f functions (obtained by optimizing the sum of the absolute
values of all contributions to the SSCC) at the uncontracted Dunning
basis sets. Deng et al. [21] proposed the uTZ-w basis sets that were
constructed from the uncontracted aug-cc-pVTZ basis sets aug-
mented with s functions. Thus, by the studies reviewed above, we
believe that to enhance the agreement with the experimental re-
sults (i.e., to improve the convergence of the FC term) is necessary
to develop the CXZP-sun basis sets, that are the CXZP basis set with
the uncontracted s functions and tight s functions added.5. Conclusions
For the sake of improving the description of the ECE in the core
region, using the best strategy outlined in the literature, the XZP
(X = D and T) basis sets for the ﬁrst and second row atoms have
been extended with spherical Gaussian functions. The basis gener-
ated with this method was designated as CXZP. The results showed
that the CXZP sets provide a better description of the ECE than the
XZP sets. For second row elements the correction of the CCE was
signiﬁcantly greater (average of 228 mEh, to CTZP).
As an application of the CXZP basis sets, calculations were per-
formed of indirect nuclear SSCC to nine molecules (H2O, HF, NH3,
SiH4, N2, HCl, CO, CH4 and C2H2) at the B3LYP and SOPPA levels.
The results showed that in general the CXZP (X = D and T) sets pro-
vided values of coupling constants closer to experimental values
than the XZP ones.
Tight functions addition improved the agreement with experi-
mental results. However, due to the heavy contraction at the core
region is necessary the decontraction of the s functions in the CXZP
basis sets to obtain the desired convergence of the FC term.
The SOPPA method, showed the MAD considerably smaller than
the B3LYP method. At the SOPPA theory level, the MADs were 8.86(CTZP) and 9.83 (TZP) and at the B3LYP level were 17.41 (CTZP) and
19.08 (TZP).
The CQZP and C5ZP basis sets are being built for the atoms of
the ﬁrst and second row. Our next goal will be build the CXZP-
sun basis sets, as soon as possible.
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